Objective To determine the effect of enteral fish oil and safflower oil supplementation on the intestinal microbiome in infants with an enterostomy born premature.
Results Sixteen infants were randomized to receive enteral HF-PUFA supplementation, and 16 infants received standard care. The intestinal microbiota of infants in the treatment group differed from those in the control group, with greater bacterial diversity and lower abundance of Streptococcus, Clostridium, and many pathogenic genera within the Enterobacteriaceae family. We identified 4 microbial community modules with significant differences between groups over time. Imputed metagenomic analysis of the microbial genes revealed metabolic pathways that differed between groups, including metabolism of amino acids, carbohydrates, fatty acids, and secondary bile acid synthesis.
Conclusion Enteral HF-PUFA supplementation was associated with decreased abundance of pathogenic bacteria, greater bacterial diversity, and shifts in the potential metabolic functions of intestinal microbiota.
(J Pediatr 2017;181:93-101).
Trial registration ClinicalTrials.gov: NCT01306838 P remature infants with necrotizing enterocolitis, spontaneous intestinal perforation, or intestinal atresia commonly require abdominal surgery and creation of a small bowel enterostomy. 1 Following surgery, these infants are at high risk for a number of complications, including cholestasis, liver disease, sepsis, growth failure, and death. [1] [2] [3] [4] The etiology of these complications is multifactorial but is believed to be in part related to prolonged reliance on parenteral soybean-based lipid formulations, which are rich in proinflammatory omega-6 fatty acids and phytosterols and devoid of the omega-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). [5] [6] [7] [8] Fish oil, which is rich in anti-inflammatory omega-3 fatty acids, has been associated with decreased cholestasis and liver injury in children with short bowel syndrome. 9, 10 A recent randomized controlled trial of early enteral supplementation with a high-fat polyunsaturated fatty acid (HF-PUFA) blend of fish oil and safflower oil vs usual care in premature infants with an enterostomy found that infants treated with the HF-PUFA blend had lower conjugated bilirubin levels than infants in the control group. 11 Furthermore, the infants who received HF-PUFA required fewer sepsis evaluations and had improved growth after bowel reanastomosis. The mechanisms underlying the beneficial effects of enteral HF-PUFA in this setting are unclear.
The intestinal microbiome has an essential role in intestinal function, including nutrient absorption, metabolism, maintenance of barrier integrity, and protection against infection. 12, 13 The microbiome is altered by diet, including fat intake. 14, 15 Infants who have undergone surgical enterostomy placement often have multiple predisposing factors that may perturb the intestinal microbiome, including premature birth, history of bowel injury or perforation, antibiotic exposure, prolonged withholding of enteral feeds, and intestinal surgery. 4 The objective of our study was to determine the effects of enteral supplementation with a HF-PUFA blend containing fish oil and safflower oil vs standard nutritional therapy on the intestinal microbiome in premature infants with an enterostomy. We hypothesized that treatment with enteral HF-PUFA leads to functional and community-level changes in the microbiome, which may promote the development of functional microbial communities that contribute to the clinical benefits of HF-PUFA that were observed in this cohort.
Methods
A randomized, controlled trial of enteral fish oil and safflower oil supplementation vs usual care was conducted in the Neonatal Intensive Care Unit of Brenner Children's Hospital at Wake Forest Baptist Medical Center (ClinicalTrials.gov: NCT01306838). Details of the study design have been described previously by Yang et al. 11 In brief, inclusion in the study required the presence of a jejunostomy or ileostomy, birth gestational age of less than 37 weeks, and postnatal age less than 2 months at the time of study enrollment. Infants were excluded if they had a colostomy, major congenital anomaly, or metabolic disease. Infants in the control group received usual nutritional care. Once tolerating minimal enteral feedings of 20 mL/kg/d, infants in the treatment group received enteral fat supplementation with fish oil (Major Fish Oil 500, Major Pharmaceuticals, Livonia, Michigan, or Rugby Sea Omega 50, Rugby Laboratories, Inc, Corona, California) and safflower oil (Microlipid, Nestle Nutrition, Florham Park, New Jersey). The fish oil supplements contained EPA, DHA, and vitamin E (tocopherol). Fish oil was initiated at a dose of 0.2 g every 12 hours for infants weighing less than 1000 g or 0.25 g every 12 hours for infants weighing more than 1000 g and increased to a maximum dose of 0.5 g every 6 hours. Safflower oil, which is enriched in the omega-6 fatty acid linoleic acid, was started at 1 g/kg/d and increased by 0.5 g/kg/d to 2.5 g/kg/d for a goal omega-6 to omega-3 fatty acid ratio of 3.75 to 5.1. Parenteral Intralipid (Baxter Healthcare, Deerfield, Illinois) was decreased by 0.5 g/kg/d as enteral fat supplementation advanced and discontinued when the dose reached <1 g/kg/d.
Enteral feedings were initiated on recovery of bowel function after ostomy placement and advanced gradually. Infants received their mother's milk when available or infant formula. As enteral nutrition advanced, parenteral nutrition and intravenous lipid were decreased to achieve a growth rate of 15 g/kg/d. Goal caloric intake was generally 120-130 kcal/kg/d. Stool ostomy output was collected weekly from the time of study enrollment to the time of bowel reanastomosis, up to a maximum of 10 weeks. Samples were stored at −80°C until further processing. Four subjects included in the original randomized trial were excluded from this analysis because of missing samples (2 subjects in treatment group and 2 subjects in control group). The trial was approved by the Wake Forest University Health Science institutional review board, and written informed consent was obtained from parents. The microbiome analysis was a secondary study of the existing, deidentified fecal specimens and was deemed exempt research by the Duke institutional review board.
DNA Extraction, Polymerase Chain Reaction (PCR) Amplification, and DNA Sequencing Total genomic DNA was extracted from fecal samples with the use of a commercial bead-beating method (Zymo Research Soil Microbe DNA Kit, Irvine, California). PCR amplification of the V4 region of the 16S rRNA gene was performed with the use of 12 nucleotide barcode-indexed primers and previously described standardized PCR conditions for the Earth Microbiome Project. 16 PCR amplicons were pooled in equimolar concentrations and purified by gel extraction. Sequencing was performed on the Illumina HiSeq Platform (Illumina, Inc, San Diego, California) with the use of 150 nucleotide singleend reads.
Sequences were split, quality-trimmed, demultiplexed, and chimera-reduced with the use of QIIME tools. 17 High-quality sequences sharing ≥99% nucleotide sequence identity were clustered into operational taxonomic units (OTUs) with USEARCH (version 6; http://drive5.com/usearch/), aligned to the Greengenes database (version 13.8.99), and representative sequences were given a taxonomic assignment using BLAST against the SILVA bacterial database (Release 111). 18, 19 Sparse OTUs with less than 3 occurrences in at least 20% of samples were excluded from subsequent analyses because they were unlikely to significantly contribute to the overall composition and inferred metabolic capacity in any one sample. In the case of calculating alpha-diversity, however, only singleton OTUs were excluded. Counts were normalized with the cumulative sums scaling approach (percentile P = .5, determined using the 'cumNormStatFast' function) in the metagenomeSeq package (version 1.12.0).
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Microbiome Composition and Diversity
Microbial composition and diversity were determined by the use of tools within the phyloseq (version 1.14.0) and metagenomeSeq packages (version 1.12.0). 20, 21 Smoothing spline (SS)-ANOVA was used from the metagenomeSeq and gss (version 2.1-5) packages in R to identify time intervals in which alpha-diversity and bacterial taxonomic groups differed between treatment groups, with controlling for repeat sampling of individual infants as a random effect. 20, 22 The area between the observed distributions was measured for each time interval of difference. P values were calculated with a permutationbased method in which the groups were permutated 10 000 times and the observed areas were compared with the empiric null distributions. All analyses were performed with R statistical software (R Foundation for Statistical Computing, Vienna, Austria). Statistical significance was considered P < .05, with Benjamini-Hochberg correction for multiple testing.
Construction of Microbial Gene Co-Occurrence Modules
We applied weighted gene coexpression network analysis to group individual bacterial OTUs into microbial co-occurrence modules using the WGCNA package (version 1.49). 23 This network analysis method groups OTUs with highly correlated abundance patterns, likely reflecting interactions or interdependency, into modules, which we considered to represent microbial subcommunities. Samples were clustered by the use of hclust with an "average" method on a Euclidian distance matrix. Clusters were assigned with "cutreestatic" to remove outlying samples. An unsigned weighted adjacency matrix was constructed with a soft-threshold power of 10, which was determined with the scale-free topology criterion. Modules were selected by the use of a minimum module size of 5 and a static merge cut height of 0.6. Each module was assigned a color label and summarized by the module eigengene (ME) value, which represents the first principal component of each module. SS-ANOVA was used to determine time intervals in which module abundance differed between treatment groups.
Imputed Metagenomic Functional Analysis
We performed imputed metagenomic analysis using PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) to investigate the effect of treatment on functional pathways. 24 Sequences were assigned to OTUs by the use of closed reference assignment with Greengenes in QIIME as per the original authors' recommendations. 19, 24 The inferred metagenomes from microbial OTUs were sorted into Kyoto Encyclopedia of Genes and Genomes metabolic pathways. We then used SS-ANOVA to determine metabolic pathways that differed between treatment groups over time.
Results
Baseline infant characteristics were similar between the 16 infants in the control group and 16 infants in the treatment group ( Table I) . The most common indication for enterostomy was spontaneous intestinal perforation (56%), followed by necrotizing enterocolitis (38%) and intestinal atresia (6%). The median number of days of antibiotics over the study period was not significantly different between groups. Cumulative enteral fat intake was greater among infants in the treatment group. A further detailed description of the clinical characteristics and outcomes in the cohort has been reported previously.
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Relative Composition of the Fecal Microbiota Over Time in Control and Treatment Groups
A total of 202 samples were available for microbial sequencing, with a median (IQR) of 6.5 (4-8) samples per subject. A total of 77 928 bacterial OTUs were identified including singletons, which was reduced to 436 total OTUs after the removal of sparse OTUs. At the phylum level, Proteobacteria and Firmicutes accounted for the majority of bacterial OTUs in both infant groups throughout the study (Figure 1 ; available at www.jpeds.com). As expected for infants born preterm, Bacteroidetes were proportionately rare. 25 Using SS-ANOVA, *Includes dietary fat as well as supplemental fat. Although fat content varies in human milk, calculations were based on 4 g fat/100 mL. †Includes fish oil and safflower oil intake. All supplemental fat in control group was safflower oil, which was given to infants with poor growth despite full enteral feedings with high-calorie formula per standard of care.
we modeled differences in phyla abundance between the control and treatment groups over time, controlling for repeat sampling from each infant. Proteobacteria, which includes pathogenic gram-negative bacilli, had significantly lower levels in the treatment group (weeks 2-8, area = −74551.1, P = .0072). Actinobacteria were significantly but transiently lower in the control group during study weeks 4 and 5 (area = 233.1, P = .0419). Other phyla did not differ significantly between study groups. At the genus level, there were a number of changes in the microbiome over time (Figure 2 ). Many differences emerged between groups 1-3 weeks following initiation of HF-PUFA treatment, consistent with a therapeutic response ( Table II; available at www.jpeds.com). Over time, genera with greater relative enrichment in the control group included Escherichia (weeks 1-9, P < .0001), Serratia (weeks 2-9, P < .0001), Pantoea (weeks 2-9, P < .0001), Clostridium (weeks 2-9, P < .0001), and Streptococcus (weeks 3-9, P < .0001). In the treatment group, there was enrichment of Corynebacterium (weeks 1-6, P = .0089). Proteus also was more abundant in the treatment group, but this difference was present even before the initiation of therapy (weeks 0-8, P < .0001). Several differences were identified well over a month after treatment initiation, including greater enrichment of Enterococcus in the treatment group (weeks 8-9, P < .0001) and Haemophilus in the control group (weeks 7-9, P = .0125). Principal coordinates analysis was used to examine longitudinal community-level dynamic changes and differences in treatment and control groups. The first principal component (PC1) diverged over time between groups with a significant difference over the full study period (weeks 0-9, P < .0001) (Figure 3 ; available at www.jpeds.com).
Identification of Microbial OTU Co-Occurrence Modules
Although specific genera appeared to change in response to treatment, the identification of bacterial subgroups undergoing coordinated changes in the therapeutic response may reflect more accurately changes in physiology of the microbiota and explain medical outcomes. 11 We used weighted gene coexpression network analysis to organize individual bacterial OTUs into community modules and then evaluated changes in these bacterial communities over time in response to treatment. We identified 10 community modules, with a median of 32.5 (range 6-117) unique bacterial OTUs per module (Figure 4 ; available at www.jpeds.com). We examined the relative proportion of the total OTUs accounted for by each module (Figure 5, A) . Using SS-ANOVA, we discovered that 4 modules had significant differences in abundance between the groups over some time interval. There was an expansion of the turquoise module over time in the control group that was not observed in the treatment group (weeks 2-9, area = −12157.2, P < .0001). The pink module also had greater relative enrichment in the control group (weeks 3-9, area = −5161.9, P = .0054). Modules with greater enrichment in the treatment group included black (weeks 1-9, area = 330.3, P = .0054) and blue (weeks 0-8, area = 2068.2, P < .0001).
Many bacterial genera were represented in multiple modules, and others were unique to a specific module (Figure 5, B) . For example, the blue module contained all 75 OTUs within the Proteus genus and also contained OTUs from Escherichia, Corynebacterium, and 5 other genera (Figure 5, C) . The turquoise module, which had greater abundance in the control group, was enriched in many pathogenic gram-negative bacilli, including Pantoea, Escherichia, and Enterobacter. The pink module, also enriched in the control group, was composed entirely of Streptococcus OTUs. The black module, which was more abundant in the treatment group, was composed of Enterococcus, Citrobacter, Erwinia, and Geobacillus OTUs. The yellow module, enriched in Staphylococcus, declined after the first study weeks in both groups.
The turquoise module had the greatest magnitude of difference between groups. ME values in the turquoise module diverged between the study groups over time (Figure 6 ; available at www.jpeds.com). The shifts in ME values were reflected in changes in the abundance of genera enriched in the turquoise module, with Pantoea, Citrobacter, Escherichia, and Tatumella all increasing in abundance in the control group over time relative to the treatment group.
Alpha-Diversity by Treatment Group
Changes in alpha-diversity and richness over time are presented in Figure 7 (available at www.jpeds.com). Many infants in both groups experienced a decline in diversity over the study period. Alpha-diversity was significantly greater among infants in the treatment group following initiation of therapy (Shannon index: weeks 3-9, P = .007; inverse Simpson index: weeks 1-9, P = .0015). Richness as measured by the Chao1 index did not differ significantly between groups.
Imputed Metagenomic Functional Analysis
We used imputed metagenomic analysis to compare the predicted functions of the microbial genes in treatment and control groups. A number of pathways showed sustained differences between groups ( Figure 8 and Table III; Table III available at www.jpeds.com). Lipid metabolic pathways that differed between groups included fatty acid metabolism (weeks 1-6, P = .0053), glycerolipid metabolism (weeks 3-9, P = .0052), arachidonic acid metabolism (weeks 4-7, P = .0045), steroid hormone biosynthesis (weeks 2-5, P = .0077), and secondary bile acid biosynthesis (weeks 2-9, P < .0001). In the control group, there was enrichment of butyrate metabolism (weeks Weighted gene coexpression network analysis identified 10 unique bacterial community modules. A, The relative abundance of network modules in treatment and control group infants over time. B, Venn diagram showing overlap of genera within the 4 modules with significant differences between treatment and control groups. Many genera were represented in more than one module, and some were unique to a specific module. C, The composition of 4 modules with significant differences between treatment groups. The number of unique OTUs, unique families, and unique genera within each module are noted, followed by a list of 3 genera enriched in each module. 2-5; P = .0055), drug metabolism by cytochrome P450 (weeks 2-8, P < .0001), and metabolism of specific amino acids, including phenylalanine (weeks 3-7, P = .0065), lysine (weeks 1-7, P = .0025), and tryptophan (weeks 2-6, P = .0040). In the treatment group, there was enrichment of amino sugar and nucleotide sugar metabolism (weeks 4-9, P = .0060), purine metabolism (weeks 4-9, P = .0055), and pyrimidine metabolism (weeks 5-9, P = .0053).
Discussion
In this cohort of infants with small bowel enterostomies born premature, enteral supplementation with a HF-PUFA blend containing fish oil and safflower oil was associated with lower conjugated bilirubin levels, fewer episodes of suspected sepsis, and improved growth after bowel reanastomosis. 11 Here, we report the longitudinal changes in the intestinal microbiome of these infants over the course of treatment. We observed differences between treatment and control groups over time in both individual bacterial taxonomic groups as well as larger bacterial network modules, suggesting that treatment with HF-PUFA has broad effects on intestinal microbial ecology that may contribute to the clinical benefits of HF-PUFA therapy observed in this cohort of infants.
Many of the bacteria that differed between treatment and control groups have important immunologic and metabolic functions in host health. Bacteria within the Enterobacteriaceae family are capable of provoking potent host inflammatory responses and are frequent invasive pathogens in infants born premature and infants with short bowel syndrome. [26] [27] [28] A relative expansion of many genera within the Enterobacteriaceae family was observed over time in the control group that was not seen in infants receiving enteral fish oil, including Escherichia, Pantoea, Serratia, and Citrobacter. In addition, we observed lower levels of Clostridium within the microbiota of infants in the treatment group. Bacteria within the Clostridium genus catalyze the conversion of primary bile acids to secondary bile acids. 29, 30 Bile acids have signaling and antimicrobial effects, and their biotransformation by bacteria may alter host lipid metabolism, bile acid excretion, and intestinal barrier integrity. [29] [30] [31] Clostridia also have a role in fermentation of dietary carbohydrates to butyrate, a short-chain fatty acid with generally beneficial effects on intestinal barrier integrity and immune regulation. [32] [33] [34] [35] We observed an overall decline in bacterial diversity among many infants in both groups over the study period. The reasons for this decline are unclear but may have been related to antibiotic use or functional adaptive changes following surgery. HF-PUFA therapy was associated with more stable diversity, because infants in the treatment group maintained significantly greater diversity over time compared with infants in the control group. It is possible that the increased diversity in the treatment group was not solely the result of the direct effects 
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Volume 181 on HF-PUFA on microbiota but also indirect effects. For example, treatment with HF-PUFA was associated with fewer suspected-sepsis events, and although the overall exposure to antibiotics was not different between the groups, differences in the timing of antibiotic exposure may have contributed to the greater bacterial diversity in the treatment group.
Along with the changes in bacterial composition, there were a number of differences in predicted metabolic functions of the microbial genes in infants in the treatment and control groups based on imputed metagenomic analysis. Among infants in the treatment group, there was relatively greater enrichment of genes involved in metabolism of nucleotides and specific carbohydrates, and in the control group, there was enrichment of genes involved in metabolism of certain amino acids, xenobiotics, and fatty acids. This method of inferring metabolic functions from microbial genes has limitations because it cannot account for phenotypic variation between microbial communities based on expression-level differences between and within species and the metabolic contributions of unmapped sequences; however, the approach suggests that the microbial changes seen following HF-PUFA therapy had significant effects on the overall functional capacity of the intestinal microbiome.
We suspect that the broad reduction in the relative burden of proinflammatory and pathogenic bacteria, changes in key bacteria with metabolic effects, and greater bacterial diversity in the treatment group all contributed to the clinical benefits observed in the treatment group. Furthermore, these bacterial changes likely acted in concert with direct antiinflammatory and molecular effects of fish oil on the host. Fish oil is enriched in the omega-3 long-chain polyunsaturated fatty acids (LC-PUFAs) EPA and DHA. Bioactive metabolites of these LC-PUFAs include resolvins and protectins that reduce inflammation and support brain and retinal development. Omega-3 LC-PUFAs in fish oil activate peroxisome proliferatoractivated receptor alpha and alter expression of genes involved in fatty acid oxidation and glucose metabolism, reducing hepatic lipid accumulation and insulin resistance. 36, 37 Infants in the HF-PUFA treatment group also had reduced exposure to parenteral soybean-based lipids, which are lacking in omega-3 fatty acids but enriched in the omega-6 fatty acid linoleic acid. Linoleic acid is processed to arachidonic acid, which has terminal metabolites that promote inflammation. Combined, these previous observations and our measurements of the microbiome during enteral fish oil therapy raise the hypothesis that the more favorable balance of omega-6 to omega-3 fatty acids and decreased burden of proinflammatory bacteria in the infants in the treatment group led to reduced inflammation and bacterial translocation across the intestinal barrier.
There are many potential mechanisms by which the microbiome may have been altered by enteral HF-PUFA intake. The greater amount of enteral fat and greater omega-3 to omega-6 fatty acid ratio may have provided substrate or altered the local environment in a manner that fostered the growth of certain bacteria. We cannot say with certainty whether the microbial differences we observed were specific to fish oil or secondary to the earlier provision and increased dose of enteral fat in the treatment group, independent of the type of fat. The enteral fat supplements contain additional active components, including vitamin E and linoleic acid in safflower oil, that may have accounted for some of the differences in the microbiome between treatment and control groups. Analysis of intestinal tissue samples collected from the proximal ostomy at the time of bowel reanastomosis showed that infants in the treatment group had significantly greater tissue levels of DHA, EPA, and linoleic acid with a lower total omega-6 to omega-3 fatty acid ratio compared with infants in the control group (Qing Yang, written communication of unpublished data, August 9, 2016) .
Data from animal models indicate that fish oil in particular has effects on shaping the microbiome. [38] [39] [40] Ghosh et al 38 found that mice fed a diet supplemented with fish oil had a reduced abundance of Enterobacteriaceae and Clostridia species compared with mice fed a diet rich in omega-6 fatty acids. Furthermore, they found in a model of induced colitis that fish oil supplementation reduced bacterial translocation and intestinal injury. A more recent study used a fat-1 transgenic mouse model in which tissue omega-6 fatty acids are converted to omega-3 fatty acids, eliminating the confounding effects of diet. 41 The transgenic mice had decreased markers of inflammation and metabolic endotoxemia compared with wild-type mice fed the same diet. The gut microbiota appeared to mediate these differences, because the betweengroup differences could be reduced by co-housing or eliminated by provision of antibiotics. The microbiome of the wild-type mice had significantly greater abundance of Proteobacteria, and the fat-1 mice had greater abundance of Bifidobacterium and Lactobacillus.
It is important to note that the changes we observed in the microbiome occurred in the context of the gut of the infant born premature. Infants born premature are still undergoing rapid intestinal growth and development, as well as maturation of the immune system. In addition, these infants were recovering from major intestinal injury and undergoing functional adaptation after loss of bowel length. It is possible that enteral fatty acids may have differential effects on the microbiome and host at different stages of development, and that some effects may take longer than the duration of this study. Our study had additional limitations. The sample size was small, and investigators were not blinded to the group assignments. Given that the microbiome can vary significantly between individuals, a larger sample size and a multicenter study will be necessary to confirm the differences we observed between groups and further examine the influence of other confounding variables, such as other dietary and treatment factors, on the microbiome.
In conclusion, in this cohort of infants born premature with enterostomies, enteral HF-PUFA treatment was associated with functional and community-level changes in the microbiome. Understanding these changes and their potential to modify growth, intestinal adaptation, and susceptibility to cholestasis and sepsis will increase our ability to minimize morbidities and improve outcomes in this high-risk population. ■ Twenty years ago, the discovery of WASp and its role in cytoskeletal dynamics revolutionized our understanding of how cells of the immune system signal to one another. 1 In T lymphocytes, NK cells, and dendritic cells, WASp can be found at filamentous actin branch points, where it forms the molecular scaffold of a signaling complex known as the immunological synapse. 2 Mutations in the WASp gene result in defective immunological synapse formation and consequent aberrant signaling in hematopoietic cells, which manifest clinically as immunodeficiency and autoimmunity.
At the time of Wolff's publication, the oldest known survivor of WAS was 14 years of age. The life expectancy of patients with WAS has been extended by bone marrow transplantation, with a 5-year overall survival of 90% post-transplantation. 3 Recently, 2 gene therapy trials using lentiviral vectors to correct the mutation in WASp have reported successful immune reconstitution in these patients. 4, 5 The advent of targeted genome editing technologies may lead to further advances in gene therapy for WAS. 
